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Bio-impedance method

to monitor colon motility response
to direct distal colon stimulation

in anesthetized pigs

Yushan Wang?, Po-Min Wang?, Muriel Larauche?3, Million Mulugeta?3*! & Wentai Liu/*56>

Electrical stimulation has been demonstrated as an alternative approach to alleviate intractable
colonic motor disorders, whose effectiveness can be evaluated through colonic motility assessment.
Various methods have been proposed to monitor the colonic motility and while each has contributed
towards better understanding of colon motility, a significant limitation has been the spatial and
temporal low-resolution colon motility data acquisition and analysis. This paper presents the study
of employing bio-impedance characterization to monitor colonic motor activity. Direct distal colon
stimulation was undertaken in anesthetized pigs to validate the bio-impedance scheme simultaneous
with luminal manometry monitoring. The results indicated that the significant decreases of bio-
impedance corresponded to strong colonic contraction in response to the electrical stimulation in
the distal colon. The magnitude/power of the dominant frequencies of phasic colonic contractions
identified at baseline (in the range 2-3 cycles per minute (cpm)) were increased after the stimulation.
In addition, positive correlations have been found between bio-impedance and manometry. The
proposed bio-impedance-based method can be a viable candidate for monitoring colonic motor
pattern with high spatial and temporal resolution. The presented technique can be integrated into a
closed-loop therapeutic device in order to optimize its stimulation protocol in real-time.

The colon is a vital part of the digestive system that performs essential functions including absorbing water,
electrolytes, and vitamins; fermentation; and forming and propelling feces'~*. A wide range of diseases, such as
chronic constipation, diarrhea, multiple sclerosis, spinal cord injuries, brain trauma, and Hirschsprung’s disease,
lead to colonic malfunction*'°. Patients with colonic dysfunction suffer adverse effects in the quality of life both
physically and emotionally®112,

Electrical stimulation is a viable therapy for colonic motor disorders, particularly for patients who are refrac-
tory to traditional pharmaceutical treatments. As interest grows, a number of studies on colonic electrical stimu-
lation have been conducted, which showed promising outcomes under different conditions'*-*. In most of the
current studies, the effectiveness of the technique was assessed mainly via colonic motility evaluation. This
conventional way to assess the colonic motility uses a force/pressure transducer. However, there are limitations
for a manometry approach, especially in colonic-related studies?*?. The insertion of the probes may cause
uncomfortable sensations. Motion artifact may also interfere with the signals. Also, careful interpretation of
the manometry data is required when contractions cause undetectable or very low luminal pressure changes.
New techniques have been investigated to overcome these obstacles. For example, a proof-of-concept flexible
piezoelectric device has been proposed for gastrointestinal (GI) motility sensing®®, yet it still faces the compli-
cation due to motion artifact. Impedance measurement is another strategy to monitor GI motility. One of the
bio-impedance techniques, placing electrodes on the abdomen and back, are based on the characteristics that
impedance variation mainly depends on the changes in gastric volume due to food filling”’-*'. By measuring the
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Figure 1. Experiment protocol. Direct distal colon stimulation: 5 cycles of alternating stimulation of electrodes
#1 and #2 (total of 10 consecutive cycles) at 10 Hz, 2 ms, 15 mA, 30 s ON, 60 s OFF Electrodes #1 and #2 were
also used for recording, each containing four recording sites Ch1, Ch2, Ch3, and Ch4. The distance between the

first two channels (Ch1-Ch2) and last two channels (Ch3-Ch4) is 1.5 cm, while Ch2 and Ch3 are separated by
a distance of 3 mm.

bio-impedance in the gastric region, gastric motility and gastric emptying can be identified. However, it is more
similar to general GI motility monitoring that consists of information from the whole GI sensitive region. Consid-
ering the complexity of colonic motility, it is difficult for this method to provide region-specific colonic motility
types and patterns in detail. Another bio-impedance method is based on the tissue impedance variation due to
the tissue deformation®*’, where a circuit system calculates the tissue impedance by applying a carefully filtered
pulse width modulated voltage (at 50 kHz) to the tissue. The filtered signal mainly preserved 50 kHz component
with a maximum peak-to-peak amplitude of 200 mV in order to prevent the undesired effects in the tissue such
as contractility. The impedance is then deduced based on the current response to the filter signal. This method
involves a tedious computation. Consequently, we proposed a novel method to monitor the colonic motility
in porcine model by measuring colonic bio-impedance. It is an impedance measurement and analysis method
using Randles Cell Model that has been validated in our prior studies on gastric motility measurements®".
Different from the state-of-the-art bio-impedance methods, it is a hard-ware efficient method. It is shown that
bio-impedance decreased significantly with strong colonic contraction during the stimulation in the distal colon,
which is consistent with the earlier findings of the Mintchev group in****. Furthermore, the dominant frequencies
(with most power/magnitude) of bio-impedance were identified and found to be shifted after the stimulation.
The experimental results furthermore indicated the correlations between the proposed bio-impedance and the
manometry approaches while dealing with the data reported in**, which demonstrates its potential application
in colonic motility monitoring.

Materials and methods
Animals preparation and surgery procedure. In this study, male castrated mini-Yucatan pigs approxi-
mately seven months old and between 25 and 36 kg (S&S Farms, Ramona, CA) were used. All procedures were in
accordance with the NIH Guide for the Care and Use of Laboratory Animals (8th edition), which were reviewed
and approved by the UCLA Animal Research Committee (Institutional Animal Care and Use Committee) under
protocol # 2018-074-01. All efforts were made to minimize any suffering and the number of animals used.
During the surgery, all pigs, in supine position, were intubated and given general anesthesia with 1-3%
inhaled isoflurane. A midline abdominal incision was made. The proximal/ascending, transverse, and distal/
descending colonic regions were identified and externalized. Each region had two customized-designed and
fabricated planar electrode arrays® placed on top of the serosal surface of the colon for bio-impedance record-
ing and/or stimulation, as described in previous studies®. Flexible solid-state-manometry probes (Mikro-Cath™
diagnostic pressure catheter, ref 825-0101, Millar, Houston, TX) were inserted into the colon through a small
incision and maintained in position using a loophole silk ligature for intracolonic pressure recording. Pigs were
euthanized at the end of the experiment with an intravenous injection of pentobarbital (100 mg/kg, cat # 009444;
Covetrus).

Experiment protocol. The experiment consisted of a 30-min baseline, 15-min direct distal colon stimula-
tion, and 30-min post-stimulation periods. A customized stimulation system®** was used for the stimulation.
Two planar electrode arrays were placed 1.5 cm apart to stimulate alternatively (Fig. 1). The stimulation site
was located in the center of each electrode. Based on the prior knowledge from trial studies under the same
conditions®*, the stimulation parameters were chosen as follows: A burst stimulation protocol composed of
10 Hz pulse train, 2 ms, 15 mA, at 30 s ON and then followed by 60 s OFF at each cycle. There are 10 consecu-
tive cycles at a duration of 15 min. More details are available through Protocols.io®’ and prior reported study?.

Bio-impedance measurement. The colonic wall bio-impedance changes reflect colonic motility since
the tissue impedance changes with the smooth muscle deformation. With the basis of the Randles Cell elec-
trode model (RC-model)*'~**, a hardware-efficient bio-impedance method is proposed to monitor GI motility.
The Randles cell model of an electrode, as shown in Fig. 2a, includes a tissue solution resistance Ry, a double
layer capacitance Cqj, and a charge transfer resistance Rcr. Note that Ry reflects the colonic muscle deforma-
tion measured in our case. By applying electrical stimuli of a series of narrow square pulses with low intensity
into the colon, the response in terms of the RC-model can be obtained from the resulting electrode overpoten-
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Figure 2. Bio-impedance mechanism. (a) Randles Cell Model. R, reflects the colonic tissue impedance after
stimulation. (b) Electrode overpotential resulted from a stimulus with small intensity. (c) Representative
recorded signals.

tial (Fig. 2b,c). Therefore, the electrode-tissue impedance can be concurrently extracted by Vy/Iy. The applied
stimuli in our study were 200 Hz, 0.1 ms, 3pA, whose spectrum had a fundamental tone at 200 Hz and harmon-
ics extended more than 10 kHz (1/0.1 ms). The RC-model responses were modulated by these high-frequency
stimuli; as a result, the low-frequency (< <200 Hz) motion artifacts can be filtered through a high-pass filter. It is
important to note that the narrow and low intensity pulse must be well below the stimulation threshold charge
of the colon according to the strength-duration curve. In our study, the current intensity is low enough (3pA
in our case) so that it avoids activating the colon and directly interferes with the colonic motility. To avoid any
confusion, “stimulation” in the rest of the paper refers to the burst stimulation protocol to activate direct distal
colon. Without involving sophisticated computations, this method provides the bio-impedance information in a
broad frequency spectrum. A similar technique for other applications has been validated in previous studies™=’.

Each colonic region (proximal, transverse, and distal colon) has two planar electrode arrays, each contain-
ing four recording sites along the longitudinal axis of the colon (Fig. 1). In each region from oral to anal, the
distance between the first two channels (Ch1-Ch2) and last two channels (Ch3-Ch4) is 15 mm, while Ch2 and
Ch3 are separated by a distance of 3 mm. The channels are accordingly denoted as P1-P4 for proximal colon,
T1-T4 for transverse colon, and D1-D4 for distal colon. The electrodes were positioned to align with manom-
etry probes, which will be described in the next subsection. The impedance data were recorded with a Plexon
system (Plexon Inc., TX) at a sampling frequency of 40 kHz for the whole experiment including three separated
intervals—namely baseline, stimulation, and post-stimulation intervals.

Bio-impedance data analysis. The bio-impedance analysis is carried out at each interval. Both time
domain analysis and dominant frequency components of the bio-impedance data were done by customized
MATLAB codes. It should be noted that during “stimulation” interval, the bio-impedance analysis is intention-
ally done at the window of 60 s OFF time at each protocol cycle in order to avoid the complication of stimulation
artifact.

Time domain analysis of the bio-impedance induced by the colonic phasic contractions were first performed.
By quantifying the area under the curve of the bio-impedance change per minute, the colonic contractile-induced
impedance changes (zAUC) were monitored and reported as bio-impedance motility index. Then the heatmap
image is used to visualize the strength of average zAUC changes in percentage of baseline and their regional
distribution across the colon.

The time domain signal was further divided into aforementioned separated intervals for frequency compo-
nents analysis. The analysis is performed only for “baseline” and “post-stimulation” intervals. For the “stimulation
interval’, considering the fact that the frequency resolution (Af=1/60 s=1 cpm) corresponding to the short dura-
tion (60 s OFF time) is not fine enough for reliably analyzing the responses during “stimulation” interval, accord-
ingly in this paper, our impedance analysis in frequency domain excludes the data extracted at the “stimulation”
intervals. Discrete Fourier Transform (DFT) was applied to “baseline” and “post-stimulation” intervals to extract
the frequency domain components, and the results were consequently compared. The conditional relationship
between the frequency resolution and time window involved with DFT was met to ensure the accurate frequency
analysis was obtained. The frequency with highest amplitude was identified as the dominant frequency compo-
nents of the bio-impedance data, which reflects the frequency from which most contraction power originates.

Assessment of intracolonic pressure. The intracolonic pressure signals were monitored for the whole
experiment period, the same as the colonic wall bio-impedance measurement. Each colonic region has four
manometric probes, each with a separation of 3 cm along the longitudinal axis. The proximal manometric
probes were inserted about 10, 13, 16, and 19 cm below the ceco-colic junction, denoted as P10, P13, P16, and
P19. The transverse manometric probes were inserted 10, 13, 16, and 19 cm after the end of proximal colon,
denoted as T10, T13, T16 and T19. Distal probes were inserted through the anus with sensors at 10, 13, 16, and
19 cm proximal to the anal verge, denoted as D10, D13, D16, D19. The probes and the electrodes were manually
aligned such that the electrodes were covered by the probes. The pressure signals were recorded at a sampling
frequency of 100 Hz*. Motion artifacts induced by abdominal contractions and the high frequency noises were
filtered by smoothing the raw recorded data with a time constant of 2 s and then removing DC components in
the following data processing procedure?***. The area under the curve of the filtered colonic phasic activity con-
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Figure 3. Longitudinal contraction of the distal colonic tissue in responses to direct distal colon stimulation.
Left: Before stimulation. Right: During stimulation.

traction was measured every minute (pAUC) and reported as manometry motility index. Correlation tests were
then conducted between pAUC and zAUC.

Statistical analysis. Considering the data properties and its complexity, the Generalized Estimating Equa-
tion (GEE) was used for statistical analysis**~*® on (1) changes of one-minute average impedance, expressed in
percentage of baseline data, induced by stimulation; and (2) dominant frequency changes of impedance induced
by stimulation. The statistical analyses were done for each channel separately. A P <0.05 indicates a significant
change.

Animal experiment statement. This study follows the recommendations in the ARRIVE guideline.
Yucatan minipigs, male castrated at 7 days of age (~ 7 months old, 25-36 kg, total of 7), were obtained from S&S
Farms and group housed in pens (either bedding or grate floor, depending on housing availabilities—2 pigs/pen,
42 ft2) in an environmentally controlled room (lights on/off 6AM/6PM, 61-81°F) under specific pathogen-free
conditions. All pigs received ad libitum access to diet (5p94 Prolab mini pig diet, PMI nutrition) and filtered tap
water. All procedures were in accordance with the NIH Guide for the Care and Use of Laboratory Animals (8th
edition), which were reviewed and approved by the UCLA Animal Research Committee (Institutional Animal
Care and Use Committee) under protocol # 2018-074-01. During the surgery, all pigs, in supine position, were
intubated and given general anesthesia with 1-3% inhaled isoflurane. Pigs were euthanized at the end of the
experiment with an intravenous injection of pentobarbital (100 mg/kg, cat # 009444; Covetrus). All efforts were
made to minimize any suffering and the number of animals used.

Results

Direct colon stimulation did not cause hemodynamic changes. Direct distal colon stimulation resulted in an
immediate local longitudinal contraction of the colonic tissue under the stimulation point (Fig. 3). The manom-
etry results? reported that it increased the distal colonic motility during and after the stimulation, while it caused
less effects on proximal and transverse probes. Data associated with this study are available through the SPARC
database®.

Time course of bio-impedance changes.  Figure 4 show representative bio-impedance responses of dis-
tal, transverse, and proximal channels in time domain. The bio-impedance generally exhibited a rhythmicity at
around 2-3 cycles per minute (cpm) with additional DC drifts sometimes, of which the DC changes reflect the
tonic contractile status. During the baseline periods from—1800 to 0 s, the colonic bio-impedance remained
stable for all three colonic regions. Corresponding with the activation of the electrodes on distal colon at 0 s,
the local contraction occurred underneath the distal channels. The bio-impedance of the distal colonic tissue
monitored by those channels decreased significantly. The large impedance drop was observed in most of the
distal channels during the 15 min stimulation period. Table 1 shows the decreased bio-impedance (percentage of
baseline) in all four distal channels, where the changes compared to baseline in both D2 and D3 channels reach
statistical significances. After the stimulation, the bio-impedance gradually rise and become stable again in the
majority of the distal channels. It is of interest that the bio-impedance of the D2 channel kept decreasing during
the post-stimulation time. However, unlike the distal channels, the transverse and proximal channels showed
variable increase and decrease during and after the stimulation, except for the significant increase in P4 during
the stimulation and T2 after the stimulation. The change of DC component in the bio-impedance as a function
of time reflected the colonic tissue motility. The colonic tissue contraction causes the decrease of bio-impedance,
while the relaxation, on the contrary, causes the increase. This finding is consistent with previous studies®***3¢7,
An explanation for this phenomenon is based on resistance formula such that the contraction shortens the cur-
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Figure 4. Example of different bio-impedance responses in time domain in proximal (P4), transverse (T4),
and distal colon (D1). Stimulation starts at 0 s, and end at 900 s. Little or no DC changes in proximal and
transverse colon while large impedance drop in distal colon during the stimulation, and gradually raise after the

stimulation.
n Stimulation (in % baseline) Post-stimulation (in % baseline)

P1 6 88.49 + 19.69 93.04 £ 29.11
P2 6 95.18 + 14.82 92.03 £ 31.06
P3 7 103.47 £ 13.54 103.58 * 26.62
P4 5 112.62 + 12.44** 108.10 + 39.47
T1 6 91.07 £ 10.98 97.13 £23.33
T2 6 105.07 £9.68 115.41 £ 21.74
T3 4 111.21 £ 48.47 102.21 £ 65.33
T4 4 133.08 £ 35.75 127.96 + 47.70
D1 6 83.69 + 22.45 94.90 £ 23.50
D2 5 61.62 + 23.63* 57.68 + 24.98*
D3 4 59.17 + 52.66* 86.44 £ 29.86**
D4 6 97.90 £ 19.91 106.57 + 18.84

Table 1. Colonic bio-impedance (in % baseline) during direct distal colon stimulation (15 min) and post-
direct distal colon stimulation (30 min) in response to direct distal colon stimulation in anesthetized male
Yucatan minipigs. Data are mean + SD of n as indicated for each channel. Significant changes (*P <0.05 and
**P <0.01) were observed with respect to baseline impedance (100.00 + 0.00%).

rent path, and therefore decreases the impedance, while the tissue relaxation actually prolongs the pathway and
increases the impedance.

As proposed in the previous method section, zZAUC reveals the colonic phasic contraction-induced bio-
impedance. The overall trend, shown in the bio-impedance heatmap (Fig. 5a), is that the stimulation of distal
colon induced marked impedance changes of the distal colon, followed by fewer impedance changes for the next
30 min post-stimulation period. The impedance changes of proximal and transverse region were mostly less
affected. To further test the correlation between the bio-impedance and manometry, the zZAUC and pAUC of
each channel/probe were compared. The results show that there exist high correlations between the manometry
probes (P16, T19, D16) and impedance channels (P4, T4, D1) if their deployed positions are physically over-
lapped as the representative results shown in Fig. 5b, which indicates the bio-impedance method is correlated to
the manometry information. However, we are aware of the existence of the uncorrelated channels and probes. It
is important to note that manometry probes and bio-impedance recording channels employed different spatial
resolutions. Consequently, there exist locations that manometry probes and bio-impedance recording channels
are not aligned and overlapped in our experiments. As a result, the non-overlapping nature contributes to the
uncorrelations. These different spatial locations can also explain the differences of the ZAUC heatmap and the
heatmap in the previous reported manometry®. The stimuli caused strong local activation of the recording
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Figure 5. Bio-impedance motility and the correlation between the impedance motility index and manometry
motility index. (a) Motility heatmap plot of bio-impedance. The color represents the percentage of the relative
motility index change with respect to the baseline. The x-axis is time in minutes and y-axis is the channel index.
(b) Representative results of AUC correlation between impedance channel and manometry probe in proximal
(P4 and P16), transverse (T4 and T19), and distal colon (D1 and D16). Stimulation starts at 0 s, and end at 900 s.

-1500

region, which corresponded to the significant impedance changes. After the stimulation, the recording region
gradually relaxed and became less active, while the contractile activity started a short propagation and caused
colonic activation at the surrounding area. Therefore, the spatial resolutions with two different modalities may
contribute to the differences between current bio-impedance and manometry data.

Bio-impedance changes in frequency domain. As described in our previously reported manom-
etry results?>*°-%, the frequency band of interest showing the phasic contraction lies in the range of 0-12 cpm.
The ventilator/breathing frequency band is 13-17 cpm and the power of higher frequency band is negligible.
Manometry data has a dominant frequency band of 1-6 cpm. However, the dominant frequency is difficult to
be identified in the manometry data because of the lower resolution of manometric recordings and the dense
peaks within 1-6 cpm. On the other hand, frequency spectrum analysis of the bio-impedance appears to be a
better indicator for the phasic contraction. Clear dominant frequencies (frequencies from which most contrac-
tion power originates) of bio-impedance exist in the majority of the proximal, transverse, and distal channels
during both baseline and post-stimulation period. Our results further narrowed down the range of dominant
frequency to 2-3 cpm, which corresponded to the rhythmicity frequency that appeared in the aforementioned
time course of bio-impedance changes. The high-resolution change of bio-impedance frequency further reveals
the colonic motility profile. Figure 6 shows an example of the bio-impedance spectrum during baseline (blue)
and post-stimulation (red) from one single experiment. The dominant peaks at around 2 cpm shifted to the right
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Figure 6. Example of different bio-impedance responses in frequency domain in proximal (P1), transverse
(T1), and distal colon (D2). Peak frequencies are observed in the majority of the channels. The dominant
frequency is in the range of 2-3 cpm. Dominant frequency (frequency with most power) shifts to the right
significantly (P <0.05) after the 15 min stimulation in most channels.

Baseline (cpm) | Post-stimulation (cpm)
P1 2.2867 £0.2921 | 2.4232 + 0.2967
P2 2.3054 £ 0.2624 2.325 £ 0.1705**
P3 2.3153 £ 0.2869 | 2.3472 +0.1675*
P4 2.2108 £0.2370 | 2.3206 £ 0.1885**
T1 2.4142 £0.2751 | 2.3758 £0.1788***
T2 2.3249 £0.2652 | 2.3272 £ 0.1891
T3 2.5158 £0.2353 2.403 £ 0.2871

T4 2.4108 £ 0.2717 | 2.5224 + 0.4084
D1 2.31+£0.2765 | 2.3365 + 0.1423**
D2 2.3151 £0.2722 | 2.3755+0.1719*
D3 2.2462 £ 0.2069 | 2.4093 £ 0.2132*%**
D4 2.3071 £0.2582 | 2.3446 + 0.1604

Table 2. Colonic bio-impedance dominant frequency during baseline and post-direct distal colon stimulation
in anesthetized male Yucatan minipigs. Data are mean + SD of n as indicated for each channel. *P <0.05,
**P <0.01 and ***P <0.001 vs baseline.

along the frequency axis after the stimulation, which is a sign of the activation effects of the colonic motility
by stimulation as the higher frequency suggests stronger activities of the corresponding colonic region. In our
study, the 15-min stimulation caused an average dominant frequency increase of 0.295 cpm with the highest
value of 1.639 cpm. The shift (increase) in the dominant contraction frequency reaches a statistical significance
in 7 out of 12 impedance channels (Table 2).

Discussion
In this study, we used a novel bio-impedance measuring approach to monitor colonic motility and found strong
local effects of the direct distal colon stimulation in both time and frequency domain. We noted that the colonic
bio-impedance drop of the distal channels correlated highly with the longitudinal contraction of the distal colon
in response to the stimulation, which is intuitive as the longitudinal contraction, primarily the shrinking of the
colon wall, shortens the current pathway and therefore reduces the bio-impedance. After the stimulation, the
bio-impedance gradually increased, which matched with the colonic tissue recovery from the contraction status.
The colonic bio-impedance of proximal and transverse channels presented divergent behaviors but were mainly
inconspicuous compared to distal colon.

In the statistical analysis, we are aware of the limited pigs/channels with many consecutive measurements
collected at different time separation in this study. Therefore, instead of the repeated measure analysis of variance
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(ANOVA), we applied GEE to make full use of the data and overcome the data collection problems mentioned
above. The results showed that the bio-impedance changes reached statistical significances in D2 and D3 chan-
nels while most of the majority proximal and transverse channels did not. It is interesting to point out in our
experiments, the statistical significances at each channel depends on the degree of colocalization between the
positions of stimulation sites and recording channels. As shown in Fig. 1, stim site 1 was between D1 and D2,
stim site 2 was between D3 and D4. Two stim sites were stimulated alternatively. When stim site 1 was on, the
strongest effects are at D1 and D2, while D3 had stronger effects than D4 since D3 was closer to the stim site 1.
This was true when stim site 2 was on. Therefore, D2 and D3 had more variations than D1 and D4 in general.

The heatmap shown in Fig. 5a derived from zAUC further highlighted the direct distal stimulation effects
on the colonic phasic activities. Similar to the previously reported manometry findings*® by our group, bio-
impedance method showed that the stimulation induced increased motility index in distal colon but varying
fewer responses in proximal and transverse colon. However, there is a different interpretation for the distal
channel reaction in post-stimulation duration. Manometry data showed strong activation of contraction while
bio-impedance indicated inhibition. The key reason for the contrast is the positions of the manometry probes
and impedance electrodes in both modalities. There is no consistent one to one position overlapping between
the impedance electrode and manometry probe mainly because of mismatch in size and pitch as well as the dif-
ficulty involved in surgery. In fact, the spatial resolution (pitch) of the manometry probe is 3 cm, which is indeed
a limitation in our study. The bio-impedance nodes had finer spatial resolution. Four bio-impedance channels
in all the experiments were placed close to the stimulation electrodes, mainly monitoring the stimulation zone,
while manometry probes covered larger areas away from the stimulation sites. The Bio-impedance provided more
information about the colonic motility around the stimulation site and manometry provided more information
of several centimeters away from the stimulation sites. Therefore, the two results are complementary instead of
opposite. Combining the results of the two heatmaps, it is found that the stimulation site relaxed after the strong
contraction and the stimulation might induce short propagation of the phasic contractions from the stimulation
site to the nearby region after the stimulation. Moreover, consistencies were found between zAUC and pAUC in
some channel-probe pairs (such as D1-D16 and T4-T19 shown in Fig. 5b) for each subject from the correlation
studies. When bio-impedance and pressure sensors were placed close to each other, high correlations could be
observed, while the correlation decreased when the separation distance increased because of the high spatial
variations in colonic motility. Our results further support the previous studies that the bio-impedance decreases
when the contraction happens®******” and show the capability of bio-impedance approach to monitor the lumi-
nal pressure changes. Given that direct colon surface stimulation, using similar parameters as the current study,
did not cause any histological damage®, the observed impedance change is unlikely to be confounded by tissue
inflammatory response reported in ischemic small intestine>*.

The bio-impedance responses in time domain indicate its potential to detect colonic contraction/expansion,
and as a result, to monitor the colonic motility changes. This proposed technique has several advantages. For
example, its higher temporal and spatial resolution can support more precise motility monitoring. The use of
customized high density stretchable planar electrodes can cover specific area and provide more accurate spatial
contraction information, which makes it a better way to capture and analyze the contraction propagation in
specific directions. The impedance monitoring system can not only provide the colonic motility information,
but also provide other information, such as whether the electrode overpotential is within its water window (the
electric potential range which water is neither oxidized nor reduced at the electrode interface) and whether the
electrode is well contacted to colonic tissue to track the stimulation safety and effectiveness® .

At baseline the dominant distal colon contraction frequency from which most contraction power comes
from is in the range of 2-3 cpm. Following stimulation, the dominant frequency shifted to the higher baseline
cpm range, suggesting that stimulation increases the magnitude/power of contractions higher than the baseline.
Compared to the conventional manometry methods, the bio-impedance method can record the full frequency
spectrum of the colonic contractions without losing the DC/low frequency components because of the noise and
artifacts. While recording the evoked electrode overpotential at the interface of electrodes and colonic tissue, all
frequency components of the tissue bio-impedance were modulated by the main tone at 200 Hz when the stimuli
(200 Hz, 0.1 ms, 3 pA) is applied. Consequently, low frequency components are preserved at the sidebands and
cleaner signals can be obtained via signal processing. Besides the dominant frequency in the range of 2-3 cpm,
we also observed the spikes beyond that range, as~4 cpm and ~ 6 cpm shown in Fig. 6. However, we suspect them
to be the 2nd and 3rd harmonics of the dominant frequency (~ 2 cpm). Currently, the frequency analysis of the
bio-impedance during stimulation (15 min) is not provided because of concerning the signal quality during this
period; nevertheless, the analysis is possible in the duration of stimulation if proper selections of the stimula-
tion parameters such as pulse width, frequency, and amplitude for bio-impedance method, as well as employing
sophisticated techniques for stimulation artifact removal®.

Of note is that the colon is known to have different ICC-pace setting frequencies depending on the ICCs
geographical location, ranging from 1 cpm to up to 30 cpm® that lead to different contraction patterns. Neural
activities get superimposed on slow waves to increase contraction amplitudes and modulate motility patterns.
In pigs and the human colon, the dominant contraction frequency band from which most of the power (magni-
tude) of contraction comes from the 0-6 cpm band***>%. In the current data shown, of the prominent 0-12 cpm
colon contractile events, electrical stimulation increases the power/magnitude of the dominant 2-3 cpm band.

The current study did not address the specific mechanism through which electrical stimulation caused the
local (distal) and distant colon sites (proximal and transverse) contractile responses of the colon. However,
direct gut tissue electrical stimulation is bound to activate smooth muscle cells, enteric nervous system, and
extrinsic fibers within the tissue (primary afferent). Thus, the activation of colon smooth muscle cells, excitatory
enteric neurons, and extrinsic parasympathetic fibers (vagal and lumbosacral) cause membrane depolarization
and induction of action potentials that lead to colon contraction. On the other hand, activation of extrinsic
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sympathetic fibers in the colonic wall causes inhibition of motility and changes in intestinal blood flow®!-%4.

The mechanism of sympathetic induced colon motility inhibition involves inhibition of myenteric excitatory
neurons®. In addition, given that enteric glia cells are activated by sympathetic fibers through ATP® and glia are
known to regulate intestinal motility®’, an indirect effect of sympathetic activation on motility can occur. Taken
together, the net effect of direct colon electrical stimulation, using the stimulation parameters in the current
study, is contraction at the stimulation sites as was shown in the current study through colon wall impedance
monitoring and visual observation.

Conclusion

This paper presents a novel bio-impedance method based on Randles Cell model to monitor the colonic responses
to direct distal colon stimulation. It shows that the distal colon contraction regulates the tissue’s bio-impedance.
The dominant (most power/magnitude) frequencies of the contractions have also been detected, which increased
after the stimulation in most impedance recording channels. The post-stimulus increase in the magnitude of
frequencies indicates an increase in colonic motility. Moreover, statistical analysis shows correlations between the
colon motility monitoring modalities used bio-impedance and manometry. This is evidenced by the data when
both the impedance electrodes and manometry probes are aligned in our study. In summary, the results of the
study demonstrate the potential of bio-impedance method as a viable alternative of monitoring colonic motility.

Data availability
The datasets generated and/or analyzed during the current study are available in the SPARC database repository
(https://sparc.science/datasets/34?type=dataset), https://doi.org/10.26275/up27-ibcr.

Received: 27 April 2022; Accepted: 27 July 2022
Published online: 12 August 2022

References
. Moran, B.]. & Jackson, A. A. Function of the human colon. Br. J. Surg. 79, 1132-1137 (1992).
. Ogobuiro, I, Gonzales, ]. & Tuma, E. Physiology, Gastrointestinal (StatPearls Publishing, 2021).
Wang, Y. H. W. & Wiseman, J. Anatomy, Abdomen and Pelvis, Rectum (StatPearls Publishing, 2021).
. Rabine, J. C. & Barnett, J. L. Management of the patient with gastroparesis. J. Clin. Gastroenterol. 32, 11-18 (2001).
. Wiley, J. W. & Chang, L. Functional bowel disorders. Gastroenterology 155, 1-4 (2018).
. Knowles & Martin. Slow transit constipation: A model of human gut dysmotility. Review of possible aetiologies. Neurogastroenterol.
Motil. 12, 181-196 (2000).
7. Wiesel, P. H., Norton, C., Glickman, S. & Kamm, M. A. Pathophysiology and management of bowel dysfunction in multiple
sclerosis. Eur. J. Gastroenterol. Hepatol. 13, 441-448 (2001).
8. Qi, Z., Middleton, J. W. & Malcolm, A. Bowel dysfunction in spinal cord injury. Curr. Gastroenterol. Rep. 20, 47 (2018).
9. Ma, E. L. et al. Bidirectional brain-gut interactions and chronic pathological changes after traumatic brain injury in mice. Brain
Behav. Immun. 66, 56-69 (2017).
10. Kessmann, J. Hirschsprung’s disease: Diagnosis and management. Am. Fam. Phys. 74, 13197 (2006).
11. Krogh, K. et al. Colorectal function in patients with spinal cord lesions. Dis. Colon Rectum 40, 1233-1239 (1997).
12. Liu, C. et al. Relationship between neurogenic bowel dysfunction and health-related quality of life in persons with spinal cord
injury. J. Rehabil. Med. 41, 35-40 (2009).
13. Bruninga, K., Riedy, L., Keshavarzian, A. & Walter, J. The effect of electrical stimulation on colonic transit following spinal cord
injury in cats. Spinal Cord. 36, 847-853 (1998).
14. Shafik, A. Colonic pacing: A therapeutic option for the treatment of constipation due to total colonic inertia. Arch. Surg. 139, 775
(2004).
15. Sevcencu, C.,, Rijkhoff, N. J. M., Gregersen, H. & Sinkjaer, T. Electrical stimulation to induce propulsive contractions in the porcine
descending colon. Artif. Organs 29, 246-249 (2005).
16. Sevcencu, C,, Rijkhoff, N.J. M., Gregersen, H. & Sinkjaer, T. Propulsive activity induced by sequential electrical stimulation in the
descending colon of the pig. Neurogastroenterol. Motil. 17, 376-387 (2005).
17. Aellen, S. et al. Electrical stimulation induces propagated colonic contractions in an experimental model. Br. J. Surg. 96, 214-220
(2009).
18. Bertschi, M. et al. Direct electrical stimulation using a battery-operated device for induction and modulation of colonic contrac-
tions in pigs. Ann. Biomed. Eng. 38, 2398-2405 (2010).
19. Vaucher, J. et al. Electrical colonic stimulation reduces mean transit time in a porcine model. Neurogastroenterol. Motil. https://
doi.org/10.1111/j.1365-2982.2009.01359.x (2009).
20. Sallam, H. S. & Chen, ]. D. Z. Colonic electrical stimulation: Potential use for treatment of delayed colonic transit. Colorectal Dis.
15, e244-€249 (2013).
21. Martellucci, J. & Valeri, A. Colonic electrical stimulation for the treatment of slow-transit constipation: A preliminary pilot study.
Surg. Endosc. 28, 691-697 (2014).
22. Chen, S. et al. Implantable colonic electrical stimulation improves gastrointestinal transit and defecation in a canine constipation
model: Colonic electrical stimulation in dogs. Neuromodulation. Technol. Neural Interface 19, 108-115 (2016).
23. Larauche, M. et al. The effect of colonic tissue electrical stimulation and celiac branch of the abdominal vagus nerve neuromodula-
tion on colonic motility in anesthetized pigs. Neurogastroenterol. Motil. 32, 13925 (2020).
24. Dinning, P. G. et al. Bowel preparation affects the amplitude and spatiotemporal organization of colonic propagating sequences:
Bowel preparation and colonic motility. Neurogastroenterol. Motil. 22, 633-e176 (2010).
25. Arkwright, J. W. et al. The effect of luminal content and rate of occlusion on the interpretation of colonic manometry: Effect of
luminal content on manometry. Neurogastroenterol. Motil. 25, e52-e59 (2013).
26. Dagdeviren, C. et al. Flexible piezoelectric devices for gastrointestinal motility sensing. Nat. Biomed. Eng. 1, 807-817 (2017).
27. Kothapalli, B. Origin of changes in the epigastric impedance signal as determined by a three-dimensional model. IEEE Trans.
Biomed. Eng. 39, 1005-1010 (1992).
28. Smout, A. J. P. M,, Jebbink, H. J. A., Akkermans, L. M. A. & Bruijs, P. P. M. Role of electrogastrography and gastric impedance
measurements in evaluation of gastric emptying and motility. Digest Dis. Sci. 39, 110S-113S (1994).
29. Li, Z. & Ren, C. Gastric motility measurement and evaluation of functional dyspepsia by a bio-impedance method. Physiol. Meas.
29, $373-S382 (2008).

oUW~

Scientific Reports |

(2022) 12:13761 | https://doi.org/10.1038/s41598-022-17549-6 nature portfolio


https://sparc.science/datasets/34?type=dataset
https://doi.org/10.26275/up27-ibcr
https://doi.org/10.1111/j.1365-2982.2009.01359.x
https://doi.org/10.1111/j.1365-2982.2009.01359.x

www.nature.com/scientificreports/

. Huerta-Franco, M.-R. et al. Effects of metoclopramide on gastric motility measured by short-term bio-impedance. WJG 15, 4763
(2009).

31. Huerta-Franco, R., Vargas-Luna, M., Hernandez, E., Capaccione, K. & Cordova, T. Use of short-term bio-impedance for gastric
motility assessment. Med. Eng. Phys. 31, 770-774 (2009).

32. Aelen, P, Jurkov, A., Aulanier, A. & Mintchev, M. P. Pilot acute study of feedback-controlled retrograde peristalsis invoked by
neural gastric electrical stimulation. Physiol. Meas. 30, 309-322 (2009).

33. Arriagada, A.J. et al. Design, implementation and testing of an implantable impedance-based feedback-controlled neural gastric
stimulator. Physiol. Meas. 32, 1103-1115 (2011).

34. Lo, Y.-K. et al. 619 Single-Electrode colon stimulation and impedance monitoring in an intestinal aganglionosis model. Gastro-
enterology 148, 121-122 (2015).

35. Lo, Y.-K. et al. A fully integrated wireless SoC for motor function recovery after spinal cord injury. IEEE Trans. Biomed. Circuits
Syst. 11, 497-509 (2017).

36. Lo, Y.-K. et al. A wireless implant for gastrointestinal motility disorders. Micromachines 9, 17 (2018).

37. Dubrovsky, G. et al. Intestinal electrical stimulation to increase the rate of peristalsis. J. Surg. Res. 236, 153-158 (2019).

38. Chang, C.-W., Lo, Y.-K,, Gad, P, Edgerton, R. & Liu, W. Design and fabrication of a multi-electrode array for spinal cord epidural
stimulation. In 2014 36th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 6834-6837.
https://doi.org/10.1109/EMBC.2014.6945198 (IEEE, 2014).

39. Lo, Y.-K,, Chang, C.-W. & Liu, W. Bio-impedance characterization technique with implantable neural stimulator using biphasic
current stimulus. In 2014 36th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 474-477.
https://doi.org/10.1109/EMBC.2014.6943631 (IEEE, 2014).

40. Larauche, M. Tache_Mulugeta_OT20D024899_Colon Tissue Electrical Stimulation and Colonic Motility Measurements. https://
www.protocols.io/view/tache-mulugeta-ot20d024899-colon-tissue-electrical-3rmgm46. Accessed 2 May 2022. (2020).

41. Randles, J. E. B. Kinetics of rapid electrode reactions. Discuss. Faraday Soc. 1, 11 (1947).

42. Lasia, A. Electrochemical impedance spectroscopy and its applications. In Modern Aspects of Electrochemistry Vol. 32 (eds Conway,
B. E. et al.) 143-248 (Kluwer Academic Publishers, 2002).

43. Merrill, D. R. The electrochemistry of charge injection at the electrode/tissue interface. In Implantable Neural Prostheses 2 (eds
Zhou, D. & Greenbaum, E.) 85-138 (Springer, 2010). https://doi.org/10.1007/978-0-387-98120-8_4.

44. Gourcerol, G. et al. Cholinergic giant migrating contractions in conscious mouse colon assessed by using a novel noninvasive
solid-state manometry method: Modulation by stressors. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G992-G1002 (2009).

45. Hu, E B, Goldberg, J., Hedeker, D., Flay, B. R. & Pentz, M. A. Comparison of population-averaged and subject-specific approaches
for analyzing repeated binary outcomes. Am. J. Epidemiol. 147, 694-703 (1998).

46. Hanley, J. A. Statistical analysis of correlated data using generalized estimating equations: An orientation. Am. J. Epidemiol. 157,
364-375 (2003).

47. Ballinger, G. A. Using generalized estimating equations for longitudinal data analysis. Organ. Res. Methods 7, 127-150 (2004).

48. Ma, Y., Mazumdar, M. & Memtsoudis, S. G. Beyond repeated-measures analysis of variance: Advanced statistical methods for the
analysis of longitudinal data in anesthesia research. Reg. Anesth. Pain Med. 37, 99 (2012).

49. Larauche, M. et al. Influence of Direct Colon Tissue Electrical Stimulation on Colonic Motility in Anesthetized Male Yucatan Minipig.
https://doi.org/10.26275/UP27-IBCR

50. Fioramonti, J. & Bueno, L. Motor activity in the large intestine of the pig related to dietary fibre and retention time. Br. J. Nutr. 43,
155-162 (1980).

51. Sarna, S. K. Myoelectrical and contractile activities of the gastrointestinal tract. In Schuster Atlas of Gastrointestinal Motility in
Health and Disease 2nd edn (eds Koch, K. L. et al.) 1-18 (BC Decker Inc, 2002).

52. Corsetti, M. et al. First translational consensus on terminology and definitions of colonic motility in animals and humans studied
by manometric and other techniques. Nat. Rev. Gastroenterol. Hepatol. 16, 559-579 (2019).

53. Crowell, M. D. et al. Prolonged ambulatory monitoring of colonic motor activity in the pig. Physiol. Behav. 52, 471-474 (1992).

54. Strand-Amundsen, R. J. et al. In vivo characterization of ischemic small intestine using bioimpedance measurements. Physiol.
Meas. 37, 257-275 (2016).

55. Uranga, A., Sacristan, J., Oses, T. & Barniol, N. Electrode-tissue impedance measurement CMOS ASIC for functional electrical
stimulation neuroprostheses. IEEE Trans. Instrum. Meas. 56, 2043-2050 (2007).

56. Cogan, S. F. Neural stimulation and recording electrodes. Annu. Rev. Biomed. Eng. 10, 275-309 (2008).

57. Yazicioglu, R. E, Kim, S., Torfs, T., Kim, H. & Van Hoof, C. A 30 yW Analog Signal processor ASIC for portable biopotential signal
monitoring. IEEE J. Solid-State Circuits 46, 209-223 (2011).

58. Li, Y.-T. et al. Application of implantable wireless biomicrosystem for monitoring nerve impedance of rat after sciatic nerve injury.
IEEE Trans. Neural Syst. Rehabil. Eng. 21, 121-128 (2013).

59. Culaclii, S., Kim, B., Lo, Y.-K,, Li, L. & Liu, W. Online artifact cancelation in same-electrode neural stimulation and recording
using a combined hardware and software architecture. IEEE Trans. Biomed. Circuits Syst. 12, 601-613 (2018).

60. Spencer, N. ], Dinning, P. G., Brookes, S. J. & Costa, M. Insights into the mechanisms underlying colonic motor patterns. J. Physiol.
594, 4099-4116 (2016).

61. Taché, Y. The parasympathetic nervous system in the pathophysiology of the gastrointestinal tract. In Handbook of the Autonomic
Nervous System in Health and Disease, 463-503 (2002).

62. Tobias, A. & Sadiq, N. M. Physiology, Gastrointestinal Nervous Control (StatPearls Publishing, 2022).

63. Browning, K. N. & Travagli, R. A. Central nervous system control of gastrointestinal motility and secretion and modulation of
gastrointestinal functions. Compr. Physiol. 4, 1339-1368 (2014).

64. Lomax, A. E., Sharkey, K. A. & Furness, J. B. The participation of the sympathetic innervation of the gastrointestinal tract in disease
states. Neurogastroenterol. Motil. 22, 7-18 (2010).

65. Hirst, G. D. S. & McKirdy, H. C. Presynaptic inhibition at mammalian peripheral synapse? Nature 250, 430-431 (1974).

66. Gulbransen, B. D., Bains, J. S. & Sharkey, K. A. Enteric glia are targets of the sympathetic innervation of the myenteric plexus in
the guinea pig distal colon. J. Neurosci. 30, 6801-6809 (2010).

67. Rao, M. et al. Enteric glia regulate gastrointestinal motility but are not required for maintenance of the epithelium in mice. Gas-
troenterology 153, 1068-1081 (2017).

Acknowledgements

This work was supported by NIH OT2 OD024899 (Subawards: WL, MM), the CURE: Digestive Diseases Research
Core Center P30 DK 41301 (Animal Model Core; MM, ML), NIH-U0INS113871. The photographs in Figs. 1
and 3 were taken by YW. We appreciate technical discussions in experiment design with Dr. Yi-Kai Lo.

Scientific Reports |

(2022) 12:13761 | https://doi.org/10.1038/s41598-022-17549-6 nature portfolio


https://doi.org/10.1109/EMBC.2014.6945198
https://doi.org/10.1109/EMBC.2014.6943631
https://www.protocols.io/view/tache-mulugeta-ot2od024899-colon-tissue-electrical-3rmgm46
https://www.protocols.io/view/tache-mulugeta-ot2od024899-colon-tissue-electrical-3rmgm46
https://doi.org/10.1007/978-0-387-98120-8_4
https://doi.org/10.26275/UP27-IBCR

www.nature.com/scientificreports/

Author contributions

W.L. initiated and defined the bio-impedance experiments. M.L., .-M.W,, Y.W.,, and M.M. performed the experi-
ments; W.L. and M.M. provided key resources; Y.W. and P.-M.W. prepared the manuscript; and W.L., M.L., and
M.M. provided critical revision of the manuscript.

Competing interests
WL holds shareholder interest in Niche Biomedical Inc. and is a co-inventor of patent applications related to
bio-impedance measurement. All the other authors have no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M. or W.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:13761 | https://doi.org/10.1038/s41598-022-17549-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bio-impedance method to monitor colon motility response to direct distal colon stimulation in anesthetized pigs
	Materials and methods
	Animals preparation and surgery procedure. 
	Experiment protocol. 
	Bio-impedance measurement. 
	Bio-impedance data analysis. 
	Assessment of intracolonic pressure. 
	Statistical analysis. 
	Animal experiment statement. 

	Results
	Time course of bio-impedance changes. 
	Bio-impedance changes in frequency domain. 

	Discussion
	Conclusion
	References
	Acknowledgements


